Recent physical theories for the formation of the Earth suggest that about 4.5 b.y. ago the mantle of the Earth was partially or completely molten. Fractional crystallization of this hypothetical magma ocean would result in a strong chemical stratification of the Earth's mantle. Such a scenario is controversial from the geochemical point of view. However, it has been noted that the simple scenario of fractional crystallization could be avoidable in a convective magma ocean if crystals remain suspended. In this paper, the problem of suspension is developed with the help of an energetic approach: convection must do some work against gravitational settling. We distinguish three regimes of convective suspensions. Absolute or complete sedimentation occurs when the energy dissipation due to the settling exceeds the heat loss from the convective layer. This is possible only in large-scale systems like magma oceans and implies that cooling can proceed only together with sedimentation, crystallization, and a decrease in the liquidus temperature at a constant pressure. A regime of partial differentiation occurs when the energy dissipation due to the settling is less than the total heat loss but larger than the power which can be spent by convection on the crystal reentrainment process. The differentiation is not complete, and a competition between the rate of cooling, the rate of sedimentation, and the rate of turbulent diffusion determines the degree of differentiation. The third regime is an absolute suspension wkich could be sustained for an indefinitely long time. In this case, sedimentation starts only when the crystal fraction reaches the maximum packing value: when the viscosity of the magma rapidly increases. The power which can be spent by convection on reentrainment is equal to ec•gd/cp of the total energy supply to the convective layer, where e < 1 is an efficiency factor. This factor is probably about 0.01 and has been estimated from one experiment on convective suspensions and with the help of an analogy with remixing in chenfically layered convective layers; we find that We also show that the energetic criterion for the absolute suspension with e • I coincides with the condition that the particle concentration gradient suppresses the tm'bulence.
INTRODUCTION
Various arguments suggest that the Earth was once mostly or entirely molten. The first argument results from reviews by Ringwood, 1990; Taylor and Norman, 1992 ; Solomatov and Stevenson, this issue (a)]. Existing geochemical models assume a simplified physical scheme of crystallization of magma oceans that is essentially a fractional crystallization with strong differentiation. However, it is unclear whether or not this style of differentiation can take place in magma oceans. As has been pointed out by Tonks and Melosh [1990] , convection in magma oceans can play an important role in preventing the differentiation.
A central problem of differentiation of magma oceans is suspension in convective layers. Suspension of particles in a convective layer has been studied with the help of several different approaches. One approach is based on a phenomenological equation for the balance between the downward settling flux of particles due to the gravity and the upward flux due to the convective diffusivity [Barieft, 1969; Huppert and Sparks, 1980] . This approach has been applied to magma oceans by Abe [1991 Abe [ , 1992 . Although it can be used to find solutions for the particle distribution, it does not establish criteria for suspension; different assumptions about the boundary conditions can allow or forbid suspension.
In the other approach, the regions with closed particle [1988, 1989] show that even in the case when the settling velocity is much smMler than the convective velocity, all the particles may eventually settle. They argue that because the convective velocity at the lower boundary vanishes, the particles cannot reenter the internM region and remain at this boundary. An important exception will be discussed later. Tonks and Melosh [1990] suggest that the turbulence is an essentiM factor and suspension occurs if the frictional velocity in the turbulent boundary layers is larger than the settling velocity of the particles. This analysis is possibly applicable to a shear turbulence, but the physics of the suspension in convective layers is quite different as we discuss in the present paper.
Laboratory experiments by Martin and Nokes
Usually the infitience of the particles on the convective flow was ignored. However, Koyaguchi et al. [1990] find that already above some small (a fraction of percent) critical solid fraction this influence is so big that the suspended particles suppress convection and create a layered convective system. These results were confirmed both experimentally and theoretically. A similar effect has been observed in a numerical study by Rudman [1992] . Thus, the effect of suspension on convection could be crucial.
The present study is organized in the following way: (1) we develop a theory of convective suspensions and show that the suspension in a convective layer is controlled by the energetics of convection. (2) The theory is compared with the experiments by Martin and Nokes [1988, 1989] where there was one reentrainment case. (3) The same energetic approach is applied to the problem of chemical erosion in convective layers for which there are more data [Olson, 1984] . 
SUSPENSION OF PARTICLES IN A CONVECTIVE LAYER
The relative motion between the liquid and the particles suspended in a convective layer always takes place independently of whether or not particles sediment at the bottom. If only the gravity effects are taken into account, then we have a permanent gravitational settling. To sustain suspension, convection must do some work. On the other hand, this power is limited. Thus, the necessary criterion is that the work per unit time which can be done by convection must be larger than the gravitational work per unit time required to suspend the particles.
The work Ec per unit time done by highly developed convection is equal to the viscous dissipation and is expressed
as [Golitsyn, 1978; Solomatov, 1993] :
where (2) is the ratio of the thickness of the layer d to the adiabatic temperature scale cp/ag and it is also known as the dissipation parameter, rij is the deviatoric stress tensor, ui is the velocity vector, uz is the vertical component of the velocity vector, d is the thickness of the convective layer, the thermodynamical parameters must be calculated as the effective ones for the multiphase medium [Solomatov and Stevenson, this volume (a)], FB is the bottom heat flux, A is the horizontal area of the layer, z and z' denote the vertical coordinate, Q is the internal heating per unit volume, g is the acceleration due to the gravity, p is the averaged density of the system, cp is the thermal capacity per unit mass, a is the thermal expansion, and particle settling is ignored for the moment. Note that a triple integration of the equations of thermal convection is necessary to obtain the correct formula [Golitsyn, 1978] . 
T is the averaged temperature of the layer, and M is the mass of the magma ocean. 
The integral in (
where u r is the settling velocity of the particles, M r = 4M is the mass of the particles, 4 is the mass fraction of the particles, •p is the density difference between the particles and liquid, and the ratio •p/p is supposed to be small.
The necessary criterion for suspension is <
When the Reynolds number for the particle settling and the crystal fraction are both small, then Stokes' formula [Landau and Lifshitz, 1989] 
The criterion derived gives only the upper bound for the suspension in convective layers because we do not know which fraction of the total power is spent on sustaining the suspension. In the following sections we will show that this fraction is possibly only about 1%. We define an efficiency factor e which is equal to the fraction of the maximum available power of the convection that is spent on the gravitationM work against sedimentation. Thus, the equilibrium state in which the sedimentation is exactly compensated by the convective "resuspension" is described by the equation Er = eEc.
Thus while the usual efficiency of convection (the ratio of the total work per unit time to the total energy supply) is proportional to the parameter D = a, gd/c r (see (5) and also works by Hewitt et al. [1975] and 6olitsyn [1978] ), the efficiency of convection for the suspension of particles is proportional to eD. Note that in the limit D ~ 1, the upper bound for the suspension is equivalent to the requirement that the heat production due to the particle settling must be simply smaller than the heat flux from the layer. This limit is relevant to magma oceans.
ANALOGY BETWEEN EROSION AND SUSPENSION IN CONVECTIVE LAYERS
Olson [1984] studied the problem of erosion in a twolayered convective system. Two layers of equal thickness had a stable density contrast due to different chemical composition and were heated from below and cooled from above. The mixing between these two layers due to a slow erosion at the interface was studied. The experimental results can be rewritten in the following form:
where p is a mean density of the layers, Ap is the density contrast between the layers, d is the total thickness of the two-layered system, and F is the heat flux. Below we show that this formula follows from the energetics of convection, as in the case of the suspension problem.
The approach is similar to that of Olson [1984] , but it is based on a mote strict energetic equation [Golitsyn, 1978] used in the previous section. It is also worth noting that Sleep [1988] obtained a similar formula (if the coefficients are ignored) when considering the carrying ability of plumes.
The totM gravitational energy of the system is equal to where index "1" refers to the upper layer and index "2" to the lower layer, A is the surface area.
During the erosion the total thickness of the layer is constant and the total mass is also conserved. After some simple manipulations, we find an expression for dEG/dt for the small time intervals (when the changes are small)'
Note that the energy increases with time. This is the result of the work done by convection. According to our theory, the work per unit time which can be done by convection is expressed as follows: E½onv = ee•gd AF, We have to rearrange all the criteria in such a way that they would involve the known parameters. Unfortunately, the crystal radius and the density difference between the particles and the fluid were not published, and thus the particle radius is known only in some range. We assume the radius 0.13 mm corresponding to the mean radius of the particle range with the smallest radii. The estimates of •bcr and •beq are proportional to r 2 and can increase by a factor of about 3 if the largest particles were used. The It is interesting to note that this coefficient is close to the 0.6 % value, which we have estimated earlier for the erosion of chemical layers using data by Olson [1984] . However, could be not constant as in the experiments by Olson [1984] and thus the estimated equilibrium solid fraction is very approximate. The calculated theoretical parameters in Table 1 First of all, the initial solid fraction is well below the critical value b•r required for unimpeded sedimentation. Thus, the convection could not be suppressed by the suspended particles.
The equilibrium solid fraction is quite far below the initial solid fraction except for the last two experiments. The reentrainment was observed in the last experiment. Probably longer experiments are required to reach equilibrium in some other cases. However, it is more likely that in other experiments, reentrainment could not occur because the local mechanisms were not able to teentrain the particles, independently of our energetic criterion. Thus, the first suggestion is that in the case when the energetic criterion for the suspension does work, the regime found by Koyaguchi et al. [1990] cannot take place. The second conclusion is that in partially molten systems, the mechanism of sedimentation could be strongly controlled by the degree of thermodynamic• equilibrium and in a complete equilibrium, the sedimentation mechanism found by Koyaguchi et al. [1990] The heat flux is an essential parameter for suspension. The heat flux from the magma ocean is determined by convection in the magma ocean and by the radiative properties of the surface. We use the simplest assumption that the atmosphere chemistry depends only on the surface temperature but not on the potential temperature, that is, the temperature just beneath the surface thermal boundary layer.
MECIIANISM
(As in meteorology, the "potential temperature" is a convenient way of labeling adiabats in a system that is mostly adiabatic. We choose to define it as the actual temperature 
where T is the potential temperature, k is the thermal conductivity, •, is the kinematic viscosity, and the coefficient Thus, two limiting cases will be considered. In the first case there is no effect of the high-viscosity surface sublayer, and (41) is applied without any changes. In the second case we assume that below some critical temperature corresponding to about 0.6 crystal fraction, the suspension be- 
where Trh is the temperature at the theological boundary. 
•gF ' disappears, and thus lo ~ lK. We obtain Ra! ~ Pr2Ta.
In Figure 5 we summarize our qualitative results, plotting the convective diagram for the parameter range corresponding to the experimental data. Possibly, the boundary between the regular and irregular convective regimes determined with large uncertainties in the experiments by Boubnov and Golitsyn [1986, 1990] 
Estimates for a Magma Ocean
Figures 7 and 8 show the boundaries for the transition from laminar to turbulent convection depending on the mixing length for the theologies considered above. The mixing length can be limited by rotation at 10 5 cm. If the theology is assumed to be NewtonJan, then the critical values of the viscosity (which in this case is independent of shear rate) follow the curves with /3 = 1 (Figure 7 ). This is a reference value of the viscosity which is measured in laboratory conditions (at a reference strain rate of 102 s -a) and extrapolated to' high pressures. In the case of power law viscosity with some typical value /3 = 0.5, the critical viscosity at dR = 102 s -a is by 2 -5 orders of magnitude less than the reference viscosity (Figure 7) . This is the result of an increase of the effective (shear-rate dependent) viscosity where D -crgd/cp is the dissipation parameter of the convective layer and e < 1 is an efficiency factor which is probably about 1%. This value is uncertain and is estimated from an experiment by Martin and Nokes [1988] and from the experiments on chemical erosion in convective layers [Olson, 1984] . In the absence of local mechanisms of re-entrainment, the third regime can not exist and it is identical with the second one. It can be formally treated as e = 0.
2. The basic features of these regimes are the following.
In the case of a steady heating of simple suspensions (no phase changes), the rates of settling in the first two regimes are similar. Variations can be in the mode of settling, depending on some other criteria (e.g., criterion of Koyaguchi et al. [1990] ). However, in the case of cooling of partially molten systems, the first regime implies a complete differentiation because the dissipationM heating due to the settling would exceed the heat loss from the system and increase of the crystal fraction must necessarily be compensated by settling. The total crystal fraction in the magma ocean is then small and is controlled mostly by the balance between the dissipation and the heat loss. The cooling can proceed only together with a continuous differentiation and a drop in the liquidus curve. The second regime in the case of cooling of partially molten systems is characterized by competition between the rate of crystallization, the rate of sedimentation, and the rate of turbulent diffusion, which determines the degree of differentiation. This is the regime studied by Abe [1991, 1992] 4. The remaining problem is which local mechanism is 5. In addition, it is found that the criterion for an absolute suspension coincides with the criterion requiring that the density stratification due to the crystal settling does not stop the turbulent convection.
